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On the basis of the perturbation formulas for a configuration ion in a tetragonal crystal field, the three 
optical absorption bands and electron paramagnetic resonance (EPR) parameters (g factors g; and hyperfine 
structure constants Ai for i = || and ±, respectively) of VO^'*' in NasCeHsOy ■ 2 H 2 O single crystals were studied 
using the perturbation theory method. By simulating the calculated optical and EPR spectra to the observed 
values, local structure parameters and negative signs of the hyperfine structure constants of the octahedral 
(VOg)®” cluster in trisodium citrate dehydrate single crystal can be obtained. 
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1. Introduction 

Electron paramagnetic resonance (EPR) has long been considered as one of the most useful tools for 
the experimental study of chemical bonding, structural information of the electronic and spatial configu¬ 
ration of paramagnetic centers GHi . The optical absorption method provides the crystal field parameters 
and the energy level structure of the metal ion iii . Thus, EPR and optical spectrum technique are two 
powerful tools for studying point symmetry and dynamic properties of the transition-metal ions in the 
host crystals. The vanadyl ion (i.e., VO^"^), having 3d^ configuration, is the most stable cation among a 
few molecular paramagnetic transition metal ions that is used extensively as an impurity probe for prob¬ 
ing the site symmetry of the central ion and the bonding nature with the ligands EPR studies ddlili. 
Moreover, due to the strong V=0 bonding in ion, most of the complexes in the crystals posses 
C 4 V symmetry with both g and A values found to be axiaUy symmetric dUl. Eor example, Karabulut 
et al. measured the optical spectra and EPR parameters for center in trisodium citrate dehydrate 
(NagCgHsOy - 21120 ; TSCD hereafter) single crystal d|. As is known, for 3d^ or V'*'^) ion in crystals, 

an octahedral complex with a tetragonal compression would give gj < gx < gs and |A||| > |Axl la 1 1011 . 
where gs is the free-spin g value of 2.0023. The observed EPR parameters (see tabled of TSCD:VO^'^ 
agree with the relation. That is to say, the studied (VOg)®” cluster in TSCD crystal is in tetragonally dis¬ 
torted compressed octahedral. Based on the crystal-field theory, theoretical calculations of the optical 
absorption and EPR spectra of TSCD:!/©^"^ were performed using the complete diagonalization energy 
matrix method (CDM) by Kalfaoglu and Karabulut, and the calculated results agree with the experimen¬ 
tal data (see table [1] Cal"'.) Illll . However, the previous treatments fail to connect the optical and EPR 
spectra with the local structures of the system studied and local lattice distortion around the Jahn-TeUer 
ion V^'*' center was not taken into account. Consequently, the local structures information of the (VOg)®“ 
cluster in TSCD crystal was not obtained. Since the analysis of the optical and EPR spectra can provide 
useful information about electronic states and local structures of the octahedral (VOg)®“ cluster in TSCD 
single crystal, which would be helpful in understanding the properties of this crystal, further studies on 
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the above experimental results are of specific scientific and practical significance. In this work, the opti¬ 
cal and EPR spectra of doped TSCD crystal are a reasonable explanation for using the perturbation 
theory method (PTM) for a 3d^ ion in tetragonally compressed octahedra. In the calculated formulas, the 
tetragonal field parameters Dg and Dt are estimated from the superposition model which makes it possi¬ 
ble to correlate the crystal-field parameters and hence the EPR parameters with the tetragonal distortion 
AR (= R_l-R\\) of (VOe)®” cluster in TSCD crystal. Based on the above studies, some useful information of 
defect structures for the tetragonal centers in TSCD crystal can be obtained from the EPR and optical 
spectra analysis. The negative signs of hyperfine structure constants A|| and A± are also suggested from 
the calculations. 


2. Calculation 


Eor a 3d^ ion in tetragonally compressed octahedra, its higher orbital doublet ^Eg of the original cubic 
case would split into two orbital singlets ^Big(\d^ 2 _y 2 )) and ^Aigi\d^ 2 )), whUe the original lower orbital 
triplet ^T 2 g would be separated into an orbital doublet ^Eig i\dxz) and \dyz)) and a singlet ^B 2 g (\dxy)), 
with the latter lying lowest (2|ll]- Therefore, the three optical absorption bands can be given as: 


El 

= EeB2g) 

-^EeBig]^10Dq, 

E 2 

= EeB2g) 

^E{^Eig]^-3Dg + 5Dt, 

Es 

= Ei^B2g) 

^E{^Aig) = lODq-4Dg-5Dt 


The cubic and tetragonal field parameters (i.e., Dq, Dg and Dt) can be determined from the superpo¬ 
sition model (3 and the geometrical relationship of the impurity center: 
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Here, r 2 ~ 3 and r 4 =; 5 are the power-law exponents in view of the ionic nature of the bonds E^Jlill . 
R - (_R|| -I- 2R±)I3 is the average impurity-ligand (V-0) distance, where f?|| is the (V-0) distance along the 
C 4 axis, and Rj_ is the bonding length between and the original planar oxygen ions. A 2 {R) and A 4 (R) 
are the intrinsic parameters with the reference distance R, where R R± ^ 1.98S A jl^l) is taken for 
the in cubic field. For 3d" ions in octahedra, the ratio A 2 {R)IA^iR) is in the range of 9-12 in many 
crystals Here, we take the mean value, i.e. A 2 {R)IA^iR) = 10.5. 

Within the high order perturbation theory, the third-order perturbation formulas of EPR parameters 
(g factors g||, and the hyperfine structure constants A\\, A±) for 3d^ ions in tetragonal symmetry with 
the ground state ^B 2 g {\dxy)) can be derived as 


S\\ 

gx 




Ax 


gg-8k—-{k + gg)^+4k-—, 
E2 E1E2 

( ^2 j -2 

g.- 2 fc-x(fc-g.)^- 2 g.^, 

(-?f-^] + (g||-gs) + ^(gX-gs) 


(3) 


In the above formulas, k is the orbital reduction factor. ( and P are, respectively, the spin-orbit cou¬ 
pling coefficient and the dipolar hyperfine structure parameter for the center 3d^ ion (i.e., in crys¬ 
tals. K is the isotropic core polarization constant. Generally, the value of k within the range 0.6-1.0 for 
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Table 1 . The calculated and experimental optical spectra (in cm and EPR parameters g factors and the 
hyrperfine structure constants (in 10“^ cm“^) for TSCDiVO^’’’ cryatal. 



S'!! 

gx 

A|| 

Ax 


Z D Z D 

B2g Big 

^ ^Aig 

Cal”. 

1.932 

1.992 

-182.4 

-65.3 

12168 

16873 

239S7 

cZ^T 

1.939 

1.988 

-180.9 

- 66.1 

12410 

16893 

2462S 

Expt.[ 8 ] 

1.938 

1.998 

183.7 

64.4 

12195 

16892 

24631 


^ Calculated by Kalfaoglu and Karabulut using the complete diagonalization energy matrix method (CDM) 
in reference Ilih . 

^ Calculated in this work based on the perturbation theory method (PTM). 


in various crystal here, we take k 0.80, which is comparable with that k {=s 0.72) 

obtained by the previous work and can be regarded as reasonable. Thus, the g factors, especially the 
anisotropy Ag (= gy - gi) is connected with the tetragonal field parameters and hence with the local 
structure (i.e., the relative tetragonal elongation the studied systems. Due to the covalence 

reduction effect for 3d” ions in crystals, we have ll^U^ 

and P^N^Pq. (4) 

Here, N (=; k) is the covalency reduction factor characteristic of the covalency effect of the systems 
studied. Thus, the spin-orbit coupling coefficient ( and the dipolar hyperfine structure parameter P can be 
acquired for the studied systems by using the free-ion data Co (~ 248 cm“^ jH]) and Pq (=: 172 x lO”"* cm“^ 
1 ^ ) for ion. So, in the above formulas, only the parameters N, A 4 (if) and if|| are unknown. By fitting 
the calculated optical and EPR spectra to the experimental values, one can obtain 

N = 0.855, MiR) =: 1277 cm“^ and if|| = 1.733 A. (S) 

The calculated results are compared with the experimental values in table [T] Interestingly, the ob¬ 
tained V-0 distance along the C 4 axis V-0 bond lengths (if|| =; 1.733 A) of the studied (VOe)®" cluster in 
TSCD crystal, which is very close to that if|| (=; 1.739 A Ql and 1.60 A (i^) for doped in calcium 
aluminoborate glasses (CaAB) and CdNaP 04 ■ 6 H 2 O crystal with similar tetragonally compressed (VOe)®" 
cluster can be regarded as reasonable. 


3. Discussion 

1) From table [ 1 ] one can find that the calculated (Cal^.) optical and EPR spectra are in reasonable 

agreement with the observed values. Thus, the optical and EPR spectra of the system studied are quan¬ 
titatively interpreted and the local defect structure of the octahedral (VOe)®” cluster in TSCD crystal is 
established. The results R± > if|| indicate that the studied (VOe)®” cluster exists in a tetragonal distortion 
octahedral site compressed along the C 4 -axis, which is consistent with the experimental EPR results (i.e., 
g|| < < gs and |A|| | > |A_l|) under the ground state Bzg. 

2) The validity of the adopted covalency factor N can be further illustrated by the relationship =; 
1 -h(L)k{M) jUl, where the parameters h[L) (=; 1) is the characteristic of the ligands L (= 0^“), and k[M) 
is the characteristic of the central metal ion (3l. From the values k{V^^) =; 0.1 1^ and k{V^^) = 0.2 li^ . 
one can here reasonably obtain kiV'^^) ^ 0.3 by extrapolation. Thus, we have N of about 0.84, which is 
close to the adopted ones {N =; 0.855) and can be regarded as reasonable. 

3) The above calculations suggested that the hyperfine structure constants A|| and A±_ of VO^'*' in 
TSCD crystal are negative (see table [1), hut the observed values given in reference Q| are positive. It 
should be pointed out that the signs of constants A|| and A±_ cannot be determined solely from EPR mea¬ 
surement 12^ . Thus, the experimental values of constants A\\ and A± are actually absolute values ( 10 . 
In this paper, we found, that the signs of A\\ and A± for in TSCD crystal should be negative, and 
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this is consistent with a number of theoretical investigations (J 0 lliiliill and the previous calculation 
fllll . Therefore, the above calculated A\\ and A± of the hyperfine structure constants for TSCD:VO^’^ are 
reasonable in signs and in magnitude. 


4. Summary 

The optical and EPR spectra of the tetragonal center in TSCD single crystal are theoretically in¬ 
vestigated based on PTM and related equations, the calculated results are in good agreement with the 
observed values. Large tetragonal compressed distortion AR (= 0.252 A) of (VOe)®" cluster in TSCD single 
crystal are reasonably established. Obviously, the calculated method is also effective for other similar 
systems. 
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TeopeTi/iHHi AOC7iiA>KeHH5i onTi/mHi/ix cneKTpie ra cneKTpie EIIP 
y MOHOKpi/iCTa/ii NasCeHsOy • 2 H 2 O 

Mao-lHf/lP, fyo-Key BaHi*^, Key-Mei 

^ IllKoyia (j)i3HKM ra eneKipoHMOi iHc|)opMapiT, neflaroriuHi/iri yniBepci/iTeT lilaHrpao, 

LUaHrpao LfsnHCi 334000, KHP 

^ yniBepci/iTeT paflio i TeneeaneHnn LfsnHCi, HaMbnan 330046, KHP 


BasyKDHi/iCb na nepTyp 6 aL(ifiHnx (()opMy;iax fl/in iony KOHc|)irypaL(iT y TerparoHa/ibHOMy Kpi/iCTaniuHOMy noni, 
6 y;io flOcniflxeHO rpn CMyri/i onri/iHHOro norni/iHaHHn ra napaMerpn eneKipoHMOro napaMarniTHOro pesonaHcy 
(EflP) (g-cfiaKTopn g; la KOHCTaHTi/i HaflTOHKOi crpyKTypi/i Ai fl/in r =|| i ±, BiflnoBiflHO) fl/in VO^’*' y MOHOKpi/icra- 
nax Na 3 CeH 507 • 2 H 2 O, BMKopncroByionM Merofl leopiT 36 ypeHb. flonacoBytonn o 6 Hnc/ieHi onTi/inni cnexipn 
ra cneKipn EflP flo cnocrepextyBaHnx ananenb, Moxtna OTpnMari/i /lOxa/ibHi crpyKTypni napaMerpn ra Bifl'CMHi 
3 HaKn KOHCraHT HaflroHKOi crpyKTypn Ai OKraeflpnuHoro Ktiacrepa (VOe)®“ b MOHOKpncra/ii Tpi/iHarpinLtnTpaT 
fluriflpary. 

KniOMOBi c/iOBa: EflP, onm^Hi cneKrpi/i, BaHafli/ij], rpi/iHaTpiiiipmpaT fiuiriflpaT 
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